Abstract A fuzzy logic based methodology for generating the sequence of part movements in a multi-product batch processing through a computerized machine cell is presented in this paper. A number of production objectives are taken into account. Two fuzzy based strategies: fuzzy-job and fuzzymachine are proposed and their performance is compared to two well known dispatching rules such as SPT (Shortest Processing Time) and WEED (Weighted Earliest Due Date). The sequencing algorithm was implemented on a standard personnel computer and the scheduler was interfaced to a robot controller for implementing loading and unloading strategy within the cell. The proposed fuzzy-based methodologies especially fuzzy-job shows a superior performance compared to the traditional dispatching rules considered.
Introduction
Flexible Manufacturing Cell (FMC) is a group of automated machines serviced by a central material-handling device such as robots or automated guided vehicles. The flexibility to process a wide variety of parts gives rise to numerous ways of routing a group of parts within the cell. One of the most important problem encountered in the FMC scheduling deals with the assignment of given resources to different processes. The best schedule must satisfy the production objectives considered. The production objectives taken into account in this study are: maximize throughput; minimize penalty for tardy jobs; maximize machine utilization; and minimize robot travel time. The processing environment considered is a multistage-job shop problem wherein each job has its own processing requirement and sequences. The scheduling problem considered is an open, deterministic, and static case. The scheduling criteria include both cost and performance related measures. The key objective of this work is to develop an efficient computer based scheduling technique to generate the sequence of parts, and control the movement of the robot within a manufacturing cell in order to fulfill the chosen production objectives. Although standard industrial robots are computerized, they do not possess the intelligence to dynamically alter preprogrammed motions. Hence an external personal computer (PC) is employed to provide that additional control capability.
In the present scenario, each batch consists of multiple orders. Thus, each batch involves multiple products, each with different specifications. The machining times vary from part to part. Certain parts may need to be processed on multiple machines, and a certain sequence of operations may be important. In a sequential process, the parts are routed through the cell to visit machines in a pre-specified order. Customer requirements refer to due dates and penalties, whereas production costs refer to robot and machine idle costs. On the other hand, a non-sequential processing will allow the flexibility to route the parts bypassing the sequencing requirement. Penalty values are assigned to each part type and are depended on the characteristics of the customer and terms of contracts. Robots and machines are an expensive investment and hence it is necessary to use them effectively. It is important to balance the idle times of the robot versus that of the machines. Machine idle cost requires a production study, and these values have to be set by the user. In our setting, all data is randomly assigned in order to mimic a wide variety of manufacturing situations.
It is assumed that there is only one operation at a time on a machine. Processing times are part specific and are not machine dependent. Parts are delivered to the machines when needed, and hence no buffers are present in each machine. The task of the robot is to pick up parts from an input buffer, move them through the cell, and drop them off at an output buffer. The travel time of the robot between machines is known and remains fixed. However it should be noted that the total travel time taken by the robot to move a part through its production cycle will be a function of the sequence generated by the scheduling algorithm. The multi-objective nature of the problem under consideration presents many challenges. Many approaches can be followed. For this project, a new fuzzy-based approach with a limited number of heuristic rules is considered. It was found to be easy to model and the computational times were found to be very minimal, an aspect that is very critical for real-time implementations.
Review of literature
Extensive research has been done on aspects related to scheduling of flexible manufacturing systems. Due to the complexity and nature of scheduling, several approaches have been considered, ranging from traditional solutions involving complex mathematical analysis to the recent approach, namely reasoning algorithms. In addition, a number of different dispatching rules have also been proposed. An efficient use of robotic cells will no doubt increase the production rates. Modeling issues related to loading of multiple machines with a dual-gripper robot has been proposed (Sethi et al. 2004) . Analysis for finding optimal moves of material handling systems in a production cell for the manufacture of machine castings for truck differential assemblies has been researched (Brauner and Finke 2001). The findings from this study are applicable to sequential flow of products through manufacturing cell and cannot be applied to products with varying sequences and process times. They also consider only a single objective. It has been shown that time based rules such as SPT are good to reduce flow time and machine idle time (Chen and Lin 1999). However, jobs with long processing times tend to be tardy. Dispatching rules based on tardiness, the bottleneck dynamics, resource pricing and the effects of inserted idleness have been proposed (Kutanoglu and Sabuncuoglu 1999). They concluded that different pricing schemes should be used in different environments. A coordination rule that looks ahead about machine idle time, and mechanisms for tracking the demand, and selection of jobs has been proposed (Holthaus and Ziegler 1997) . The simulation studies demonstrated the effectiveness of the rule in improving flow-time and due-date based objectives compared to scheduling rules without any coordination.
A concurrent solution for loading and scheduling in a flexible manufacturing environment has been found to be quite effective (Moreno and Ding 1993) . A branch and bound technique to optimize the moves of a robot for loading parts in a three machine cell has also been developed (Chen et al. 1997) . Their solution became ineffective when the number of parts exceeded ten. A solution based on colored Petri Nets to control the alternative machining and sequencing in a FMC has been presented (Yalcin and Boucher 1999). The study showed that they could be used as an effective modeling tool.
Techniques based on artificial intelligence have been explored by a number of investigators. A methodology based on training a back-error propagation network, to solve a jobshop scheduling problem has also been investigated (Jain and Meeran 1996) . However, their methodology is not effective for large scale problems. Fuzzy set theory has been found to be useful for modeling and solving scheduling problems with uncertain data. A multi-objective fuzzy approach that employed membership functions to find the share of each objective in arriving at the final decision rules has been found to be effective (Kazerooni et al. 1997) . It was then applied for selecting machines, after pre-selection of a job using traditional scheduling rules. Their approach combined different rules for the selection of jobs and machines. A methodology based on a combination of fuzzy and SPT strategy improved the net profit and average lead-time in the test cases they considered.
In a robot centered machine cell, the robot may be programmed to wait in front of a machine and pick up the part as soon as the machine completes processing a part and move it to the next processing station. This situation is termed as no-wait constraint. A two and three machine problem for processing identical and dissimilar parts have been proposed and results pertaining to optimal cycle time for this type of situation have been presented (Agentis 2000) and (Agentis and Pacciarelli 2000) . A neural network based approach for a single machine job sequencing has been found to be effective (El-Bouri et al. 2000) . A problem is classified first by one type of neural network into one of a number of categories. Then another neural network, which is specialized for a particular category, applies previously learnt relationship to produce a job sequence that aims to better satisfy the given objective.
Use of genetic algorithms (GA) for tackling scheduling problems has also received wide attention. An approach to optimize the operation when products have to meet a due date constraint has been the focus in one such study (Sannomiya and Iima 1996) . GA has also been used to obtain solutions for scheduling a FMS with setup time as constraint (Jawahar et al. 1998) . A fuzzy-based methodology to address the machine loading problem has been developed (Vidyarthi and Tiwari 2001) . Even though the minimization of system unbalance and maximization of throughput were their objective, they did not take into account the inclusion of due-date related objectives to reduce costs. The job ordering and sequencing
